Event layers in lake sediments are indicators of past extreme events, mostly the results of floods or earthquakes. Detailed characterisation of the layers allows the discrimination of the sedimentation processes involved, such as surface runoff, landslides or subaqueous slope failures. These processes can then be interpreted in terms of their triggering mechanisms. Here we present a 40 ka event layer chronology from Lake Suigetsu, Japan. The event layers were characterised using a multi-proxy approach, employing light microscopy and mXRF for microfacies analysis. The vast majority of event layers in Lake Suigetsu was produced by flood events (362 out of 369), allowing the construction of the first long-term, quantitative (with respect to recurrence) and well dated flood chronology from the region. The flood layer frequency shows a high variability over the last 40 ka, and it appears that extreme precipitation events were decoupled from the average long-term precipitation. For instance, the flood layer frequency is highest in the Glacial at around 25 ka BP, at which time Japan was experiencing a generally cold and dry climate. Other cold episodes, such as Heinrich Event 1 or the Late Glacial stadial, show a low flood layer frequency. Both observations together exclude a simple, straightforward relationship with average precipitation and temperature. We argue that, especially during Glacial times, changes in typhoon genesis/typhoon tracks are the most likely control on the flood layer frequency, rather than changes in the monsoon front or snow melts. Spectral analysis of the flood chronology revealed periodic variations on centennial and millennial time scales, with 220 yr, 450 yr and a 2000 yr cyclicity most pronounced. However, the flood layer frequency appears to have not only been influenced by climate changes, but also by changes in erosion rates due to, for instance, earthquakes.
Event layers in the Japanese Lake Suigetsu 'SG06' sediment core: description, interpretation and climatic implications Gordon Schlolaut a 
Introduction
Earthquakes and precipitation induced floods are two of the major natural hazards faced in Japan, resulting in the loss of human life and the destruction of infrastructure. For a better understanding of how these risks develop over long time scales, palaeo-records are necessary since instrumental records only cover recent history. Both kinds of events can leave an imprint on lake sediments (Arnaud et al., 2002; Beck, 2009; Lauterbach et al., 2012; Gilli et al., 2013) , enabling the construction of respective chronologies. Lacustrine flood chronologies especially have received increased attention in recent years, since lake sediments are an ideal archive for such studies (Moreno et al., 2008; Vasskog et al., 2011; Kämpf et al., 2012; Gilli et al., 2013) as they are part of the hydrological system and can record flood events as distinct detrital layers (Sturm and Matter, 1978; Mangili et al., 2005; Brauer et al., 2008) over time frames of up to 10 4e5 years. Furthermore, when these sediments are annually laminated (varved), they also provide excellent chronological control (Cockburn and Lamoreux, 2007; Czymzik et al., 2010; Swierczynski et al., 2012) . Such datasets can help us to gain a better understanding of how global climate change forces changes in local to regional flood regimes. However, detailed microfacies analysis of such event layers is necessary in order to distinguish flood events from other major depositional events, such as landslides or subaqueous slope failures (Swierczynski et al., 2012; Wilhelm et al., 2012; Czymzik et al., 2013) , which in turn are often the result of earthquakes. The study of palaeo-floods in Japan has so far mainly relied on the analysis of geomorphological features and sedimentological analysis of fan and terrace deposits, suggesting higher flood magnitudes during the Holocene than during the Last Glacial Maximum (LGM) (Oguchi et al., 2001 and references therein; Grossman, 2001) . However, such studies produce more qualitative than quantitative results. Here we present a 40 ka event layer stratigraphy from the Lake Suigetsu sediment. The entire Suigetsu composite sediment sequence is about 73 m, which is estimated to cover the last 150 ka , with varves occurring between z10 and z70 ka BP (Staff et al., 2013a) . The first (English language) description of the event layers in the Lake Suigetsu sediment was published by Katsuta et al. (2007) , who used data from a Scanning X-ray Analytical Microscope (SXAM). They analysed a 6 m long section of the 16 m long "SG3" piston core recovered in 1993 (Kitagawa et al., 1995) . Katsuta et al. (2007) used three tephras as age control points and analysed a core interval that they estimated to be between 19,010 and 5670 yr cal BP. They counted 30 event layers (excluding tephras) and identified two types: turbidites and clay layers, which they interpreted to derive from earthquakes (turbidites) and floods (clay layers).
In this study we use the composite "SG06" profile, recovered in 2006 from four bore holes, which is entirely continuous and contains the complete Lake Suigetsu sediment sequence . The event layers were analysed in the top z31 m, which are robustly dated and which represent the last z40 ka. A multi-proxy approach was applied, utilising thin section microscopy, micro X-ray fluorescence (mXRF) scanning and core photographs.
Study site
Lake Suigetsu is situated in Fukui prefecture on the west coast of Honshu Island, central Japan. It is part of a tectonic lake system (Mikata Five Lakes) with the active Mikata fault running NeS less than 2 km to the east (Fig. 1) . The lake is approximately 2 km in diameter and has a maximum water depth of 34 m (Nakagawa et al., 2005) .
In AD 1664 a canal was built connecting Lake Suigetsu with Lake Kugushi, which resulted in the inflow of salt water (Masuzawa and Kitano, 1982; Kondo et al., 2009) . The reason for the channel construction was an earthquake in AD 1662, which displaced the outlet of the lake system, resulting in a lake level rise and the inundation of rice fields and villages around the lakes (Kawakami et al., 1996) . The channel was built as drainage for the lake system.
The lake system is fed with fresh water by the Hasu River, which flows into Lake Mikata, which in turn is connected to Lake Suigetsu by a shallow (<4 m deep) sill. In this setting Lake Mikata acts as a natural filter for coarse detrital material from the Hasu River catchment (Nakagawa et al., 2005) , resulting in sedimentation of predominantly autochthonous and authigenic material in Lake Suigetsu .
The geology around the lake is dominated by a large granite pluton to the E and SE. To the S mudstone dominates, but also sandstone, chert, limestone, basalt and dolerite occur. At the NE coast of the lake sandstone occurs, while at the N and W coast Fig. 1 . Location of Lake Suigetsu (modified after Nakagawa et al. (2012) and topographic map of the Geospatial Information Authority of Japan). The dashed river line shows the hypothesised palaeo river bed of the Hasu River. White bathymetric lines in the western cove of Lake Suigetsu are manually interpolated. basalt, dolerite and chert are dominant (geological map of the Geological Survey of Japan, Agency of Industrial Science and Technology, 2002) .
The climate at Lake Suigetsu is influenced by the East Asian Monsoon (EAM) system, with the site being north of the monsoon front in winter and south of it in summer . The summer rainy season lasts from June to July and can lead to catastrophic floods (Fukutome et al., 2003) . Precipitation is also high during winter when dry and cold monsoon winds from the Asian continent pick up heat and moisture from the Sea of Japan, leading to increased snowfall along the central western shore of Japan (Takano et al., 2008) . The heat is provided by the Tsushima current, which is a branch of the warm Kuroshio current entering the Sea of Japan. Furthermore, Japan is frequently affected by typhoons, for which the peak season is August to September.
Materials and methods
Core photographs, thin sections and thin section scans were used to identify event layers, and mXRF data to additionally characterise these geochemically. Identification was based on the layers' colour and internal structure. They were considered event layers when they were distinct in both the core photograph and the thin section, and when they were macroscopically identifiable, i.e. when they were clearly distinguishable with the naked eye in the core photograph and the thin section scan. This translates into a minimum thickness of about 1e2 mm. Tephras were not considered in this study (results from tephra analysis can be found in Smith et al. (2013) ). For the upper 1288 cm composite depth (cd e model version 24 Aug 2009 ) of the profile no thin sections and no mXRF data were available, as both methods were primarily intended for varve counting and lamination is generally poor above 1288 cm cd (z10,200 yr BP). Hence, event layer identification was based solely on core photographs in the upper part. As a result, the reliability of the dataset is reduced there. However, based on experience from the lower core section, impairment of the identification and classification of layers is expected to be minor. Therefore, the reliability of the dataset in the upper core section is considered acceptable. The analysis was carried out down to 3167.7 cm cd, which marks the current lower end of the varve count-based age model .
The number of event layers in this study is not identical with that in the event layer list used for calculating the event free depth, which was used in previous SG06 publications for interpolating age models . In the latter only event layers with a thickness of !4 mm have been included whereas this study comprises also thinner event layers.
The nomenclature used here is EL for event layer followed by the composite depth of the base of the layer (in cm), e.g. EL-3165.4.
Core photographs
Digital core photographs were taken directly after core opening in the field, before colour changes due to oxidation could occur. The pictures were taken under natural daylight and include a scale and a colour chart .
Thin section microscopy
For thin section preparation the sediment in the LL-channels was cut into 10 cm long segments and freeze-dried. Afterwards, the samples were impregnated with synthetic resin under vacuum. The blocks produced were glued to glass slides with the same resin and then cut, ground and polished down until a z20 mm thin slice remained on the glass slide (Brauer and Casanova, 2001) . A petrographic microscope with magnification from 25Â to 400Â was used for analysis. Additionally, thin sections were scanned in polarised light with a 1200 dpi resolution. These thin section scans provide an ideal tool to link core photographs and thin sections, using standard image processing software.
mXRF analysis of core material
For mXRF analysis continuous measurements were made from 1288 cm cd to the base of the core with an ITRAX core scanner on the sediment in the LL-channels. The distinctive feature of the ITRAX core scanner is the generation of a flat X-ray beam, measuring a rectangular window rather than a single spot. In this way, grain to grain variances are averaged across the horizontal core axis. For the Suigetsu sediment a 20 Â 0.1 mm rectangular beam was used, with a step-size of 60 mm, a count time of 4 s, a voltage of 30 kV, a current of 30 mA and a Mo X-ray tube. A more detailed description of the settings used is given by .
XRF analysis of catchment samples
In a pilot study 23 catchment samples from around the lake and the proximal watershed of the Hasu River were analysed. Samples included soils, rocks, stream and rivulet sediments. The samples were freeze-dried, powdered and sieved to <62 mm particle size.
Samples were prepared as fused disks of Li tetraborateemetaborate (FLUXANA FX-X65, sample-to-flux ratio 1:6). A Panalytical Axios Advanced wavelength-dispersive spectrometer and matrix correction programs were used to calculate concentrations. H 2 O þ and CO 2 were determined using a Vario EL III (Elementar Analysensysteme GmbH, Hanau/Germany) by means of high-temperature catalytic combustion.
Age model
The age model of the SG06 core (Staff et al., 2013a) after 11.2 ka BP uses high resolution 14 C data from SG06 modelled on to the IntCal09 calibration curve (Reimer et al., 2009; Staff et al., 2011) , while the older part is based on a varve count chronology, which has been created using a dual-method counting approach utilising thin section microscopy and mXRF measurements ). This varve chronology was then constrained by the Bahamas speleothem GB89-25-3 (Hoffmann et al., 2010) and the Hulu Cave speleothem H82 (Southon et al., 2012) UeTh chronologies, using the low frequency 14 C signal from Lake Suigetsu to link with the 14 C data from the speleothems . The resulting chronology is given in "SG06 2012 yr BP".
Results

Sediment characterisation and major facies changes
The Lake Suigetsu sediment consists of organic material, diatoms, siderite and detrital mineral grains. All of these components occur diffusely (i.e. form the sediment matrix), but also as distinct (seasonal) layers . From the top down to 3095.9 cm cd the analysed core section is usually dominated by the autochthonous components, while below it contains a higher proportion of detrital mineral grains. The boundary between the two facies is marked by the top of event layer EL-3107 (event layer type II, see Section 3.2.2). The facies change is evident in the mXRF signal too, showing a clear drop in Ti and Ca in the upper core section, as well as a weak drop in K (Fig. 2) and it is also visible in the core photograph, where the colour changes from a light grey in the lower part to a dark grey in the upper.
Event layer types
A total of three different event layer types were distinguished by microfacies analysis, labelled type I, II and III. The total number of event layers is 369, from which 362 are type I, 2 are type II and 5 are type III.
For characterising the clastic event layers in the SG06 profile by mXRF, the elements Ti, K, Ca and Si are most suitable. Ti is a well established tracer element for terrigeneous input (e.g. Yarincik and Murray, 2000) , K indicates the presence of clays and/or K-feldspar and Ca may derive from detrital carbonates or plagioclase. The Si signature of the event layers is not as distinct as that of the other elements e the reason being that the sediment is rich in diatoms and hence generally rich in Si. Therefore, the Si signal in the event layer is only slightly elevated compared to the surrounding sediment. However, it is the most suitable element to distinguish the I-B sub-layer in type I event layers (see below). Additionally, Fe and Mn were considered as these two elements play a major role in the hydrology and sedimentation of the lake (Katsuta et al., 2006 (Katsuta et al., , 2007 .
Event layer type I
The structure of an ideal type I event layers comprises four main sub-layers (Fig. 3) . The basal sub-layer (I-A) consists primarily of quartz and feldspar intermingled with autochthonous components, mainly diatoms and amorphous organic material, but also leaf and wood fragments. The detrital minerals in this sub-layer reach grain sizes of coarse silt and show no significant grading.
The following sub-layer, I-B, consists of quartz and feldspar and, towards the top, also clay. The sub-layer contains only very minor amounts of autochthonous material. No plant fragments are found in this or the following sub-layers. The sub-layer shows distinct normal grading, starting with medium to fine silt, decreasing to clay sized minerals.
Above follows a sub-layer (I-C) of homogenous, clay sized detrital material, with an increased proportion of clay minerals. Otherwise, mineral grains are usually too small to reliably identify the mineral type by light microscopy. Autochthonous material is usually absent.
The top sub-layer (I-D) is a mixture of detrital material and the sediment matrix. It is highly variable in the proportion of these two components, the grain size of the detrital minerals, as well as in its thickness. Often the upper boundary of this sub-layer is indistinct and it gradually fades into the sediment matrix.
In the mXRF signal (Fig. 3 ) the I-A sub-layer is characterised by increased Ti, K and Ca values. At the base of I-B, Ti and K increase further and then decrease towards the top of the event layer. Ca starts to decrease from the base of I-B. Si shows a distinct peak in the I-B layer. The boundary between I-C and I-D cannot be identified reliably in the mXRF signal. Fe and Mn show no variability within this event layer type and thus are not depicted in Fig. 3 .
In the core photographs (Fig. 3 ) sub-layer I-A can be distinguished by its greyish colour, while the three upper sub-layers show no clear boundaries between themselves and appear as one 'clay cap' of light grey colour.
In most cases I-A sub-layers are absent and only the characteristic clay cap is found commonly comprising sub-layers I-B, I-C and I-D. From all 279 type I event layers in the sediment interval in which microfacies analyses could be applied (from 1288 to 3167.7 cm cd) only in 12 layers a I-A sub-layer has been identified. A high lateral thickness variability of the I-A sub-layers is shown in Fig. 3 , where the same event layer was identified in an SG06 and an 'SG93' thin section. SG93 was a predecessor project of SG06 (Kitagawa and van der Plicht, 2000; Staff et al., 2013b) but thin sections from SG93 were only available for a part of the Last GlacialeInterglacial Transition (LGIT, also Last Termination or Late Glacial) and contained only one event layer with a clear I-A sublayer. In this event layer (EL-1431.2) the I-A sub-layer has a thickness of z20 mm in SG06, but only z1 mm in SG93.
Type I event layers occur repeatedly above siderite layers and layers of amorphous organic material (LAO layers). Both layers have been identified as seasonal layers and relate to autumn and summer respectively , placing the type I event layers into autumn. That a seasonal layer does not occur below every type I event layer is simply due to the fact that not every year seasonal layers formed. The relationship between the event and seasonal layers is best observed in the LGIT, where the frequency of the seasonal layers is much higher than in the Glacial. In the Glacial a reliable season placement is not possible.
Event layer type II
Only two layers of type II occur in the analysed interval (EL-2244.2, EL-3107). They appear to be rather similar to type I layers in the core photos, consisting of a coarse base and a clay top, but micro-facies and mXRF analyses show significant differences (Fig. 4) .
Most notably, type II event layers consist of 5 rather than 4 sublayers and contain much larger plant fragments and siderite. Furthermore, Ti and K values tend to decrease rather than increase. The coarse base of type II event layers consists of 4 sub-layers, whereas with type I layers it is a single sub-layer (I-A). The bottom sub-layer of type II event layers (II-A) is similar to the I-A sub- layer, but reaches larger grain sizes (coarse silt to fine sand). In the II-B sub-layer siderite occurs and plant fragments are much larger than in type I event layers (up to 1 mm). In the case of EL-2244.2 the sub-layer is also enriched in amorphous organic material, which is a component of the sediment matrix. In the following two sublayers (II-C, II-D) grain sizes, size and number of plant fragments and siderite concentrations, which reached maximum values at the base of II-C, decrease. Furthermore, the amorphous organic material increases in II-C in EL-2244.2. The top sub-layer (II-E) is characterised by a clearly graded silt/clay layer, intercalated with siderite layers, which are rather massive in EL-3107.
In the mXRF data (Fig. 4) the layer type is characterised by high Fe and Mn values, increasing from the base of the II-B sub-layer to the lower part of II-C, then decreasing again to the normal background values in II-D. In the II-E sub-layer clear peaks occur at the positions of the siderite layers. The other elements (Ti, K, Ca, Si) do not give as clear a type-specific signal, with the signal to noise ratio being clearly lower than in type I event layers. The four elements differ slightly between the two type II event layers. However, K shows a clear tendency to, and Ti and Si a slight tendency to lower values in II-B and II-C, while Ca values tend to be elevated from II-A to II-D.
Event layer type III
The 5 event layers of type III are matrix supported layers, characterised by a distinctly homogenous structure and a high proportion of material from the sediment matrix (Fig. 5) . For this reason event layers of type III are much more difficult to distinguish in the core photographs than the other two types. Hence, identification in the upper core interval, above 1288 cm cd (where identification is based solely on core photographs), is less reliable for this layer type. Only 1 of the 5 identified layers lies in the upper part (EL-91). From the 4 event layers that can be characterised by microscopy 3 differ from the surrounding sediment matrix by containing an increased number of larger mineral grains (about 3e7 times larger, reaching fine to medium sand). At the top of these 3 layers a cap of large lenses of aggregated siderite occurs. The 4th event layer (EL-1731.8) exhibits only a homogenous structure. The type III layers show no common signature in the mXRF signal. Two of them are rather similar to the sediment matrix in the mXRF signal and thus difficult to distinguish (EL-1731.8, EL-1979 .2), whereas EL-1632.6 shows distinctly increased values of Ti, K and Ca, and EL-2464.5 is characterized by a weak increase in Ca and K and a distinct increase in Fe and Mn. The siderite caps are further enriched in Mn.
Event layer type I frequency
The type I event layer frequency shows a high variability over the past z40 ka, reaching from 0 up to 22 event layers per 1000 years (Fig. 6) . Based on the mean frequency the curve can be divided into 5 zones (FLZ e flood layer zone, for event layer interpretation see next section).
The lowermost zone, FLZ5, reaches to about 35,750 SG06 2012 yr BP (rounded to half a century) and is characterised by about 13 flood layers per 1000 yr.
The following zone, FLZ4, shows about 3 flood layers per 1000 yr, but reaches a maximum of 8 layers per 1000 yr in a well defined peak at around 33,900 SG06 2012 yr BP. The boundary between this and the next zone coincides with the AT tephra (30,009 AE 189 SG06 2012 yr BP (Smith et al., 2013) ).
Zone FLZ3 has the highest mean value of 13 layers per 1000 yr and also reaches the highest maximum value of 22 layers per 1000 yr. It also exhibits a strong cyclicity with T z 2000 yr. Based on the per 100 yr plot, FLZ3 can be divided into two sub-zones: FLZ3a (upper) and FLZ3b (lower). The lower subzone shows a higher frequency of flood layers (3e4 per 100 yr) than the upper zone (2 per 100 yr). The boundary between the two sub-zones lies at about 23,450 SG06 2012 yr BP and the upper boundary of FLZ3 at 18,500 SG06 2012 yr BP. The timing of FLZ3 is approximately contemporaneous with the global sea level minimum of the Last Glacial (30e19 ka BP, Lambeck et al., 2002) . The top-most zone, FLZ1, comprises the Holocene and the LGIT and reaches to the top of the core. The flood layer frequency is generally as low as 6 per 1000 yr, but shows three distinct peaks at z15,000 SG06 2012 yr BP, z9500 SG06 2012 yr BP and z5000 SG06 2012 yr BP, where values reach between 12 and 18 layers per 1000 yr. A distinct minimum occurs during the LGIT stadial (climatic equivalent of the European Younger Dryas pollen zone (Jessen, 1935; Mangerud et al., 1974) ).
Frequency analysis of the per 100 yr data (Fig. 7) using REDFIT software (Schulz and Stattegger, 1997; Schulz and Mudelsee, 2002) suggests cycles at T z 220 yr, T z 450 yr and T z 5000 yr, while the per 1000 yr data suggest T z 2000 yr and T z 5000 yr. Wavelet analysis (Torrence and Compo, 1998) of the per 100 yr data (Fig. 7e ) also clearly shows bands around T z 2000 yr and T z 5000 yr, while the bands at smaller periodicities are less well defined.
XRF analysis of catchment samples
A central finding from the analysis of the catchment samples (Fig. 8) is a strong anti-correlation between Ti and K (R ¼ À0.72). K is enriched (defined as greater than the mean value of all samples) in samples that are influenced by the granite pluton to the East, while the highest Ti values are found in the distal watershed of the Hasu River in the South and at the Northeast coast of the lake. The data also show that Ca is generally low. The highest values are found in the tributary streams of the Hasu River, especially in the southernmost samples. Only 2 out of 10 samples in which Ca values (Hayashi et al., 2010 ); E & F: pollen curves from Lake Biwa (Hayashi et al., 2010 ) (For better comparison of the SG06 and Lake Biwa data the age model of Hayashi et al. (2010) was transferred to the SG06 2012 yr BP age scale, using tephras as isochrons and modelling the 14 C dates on to the SG06 2012 yr BP age scale. A discrepancy can be observed at the onset of the LGIT, which is considerably younger in the Lake Biwa data. This we relate to the fact that it falls into a 10 ka long interval, which is only constrained by two tephras, the U-Oki (10,217 AE 40 SG06 2012 yr BP; Staff et al., 2013a; Smith et al., 2013) and the Sakata tephra (19,487 AE 112 SG06 2012 yr BP; Smith et al., 2013) . Some major climate changes fall into this time frame, so that the assumption of a near linear mean sedimentation rate between these two points in Lake Biwa might be invalid. Nevertheless, the pollen data can still be used to characterise the general climate conditions in central Japan over the last 40 ka.); G: UeTh dated Chinese speleothem records of d
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O from Hulu and Dongge cave (Wang et al., 2001; Yuan et al., 2004) ; Heinrich Events are labelled H1 to H4. Flood layer zones (FLZ) are labelled at the top. Fig. 7 . Periodograms from flood layer frequency data per 1000 yr with: (a) n50 ¼ 3 and (b) n50 ¼ 1, and from data per 100 yr with (c) n50 ¼ 10 and (d) n50 ¼ 3; n50 gives the number of segments with 50% overlap, ofac is the oversampling factor, hifac is the factor for highest frequency (see Schulz and Stattegger (1997) for details). Cycles marked in light grey are considered problematic as they are very close to the 95% c 2 level or too large considering the length of the dataset. (e) Wavelet analysis of the per 100 yr data using a Morlet wavelet.
were greater than the mean were found directly at the lake, both from the Northeastern shore.
Discussion
Interpretation of event layers
Event layers of type I and II show some similarities, as they consist of coarse detrital material mixed with plant fragments and autochthonous material, overlain by graded silt/clay (Figs. 3 and 4) . Such sequences are typical of erosional hyperpycnal turbidity flows (Mulder and Alexander, 2001; Mangili et al., 2005; Gilli et al., 2013) and may be the result of flood events or landslides (possibly triggered by earthquakes) (Swierczynski et al., 2012; Gilli et al., 2013) .
Considering the seasonality (occurrence often above siderite or LAO layers in the LGIT) and the high frequency of type I event layers, it is likely that type I layers are related to flood events. In contrast, type II event layers are likely to be related to landslides. This is, for instance, indicated by the mXRF data. In type I event layers Ti and K are enriched and correlate well (e.g. R EL-1298.3 ¼ 0.858, R EL-1442.5 ¼ 0.857), which means that the source area of the material includes the Ti rich (in the South) and the K rich (East) regions. In contrast, K and Ti correlate less well in type II events. The layers are clearly depleted in K and only slightly depleted in Ti (R EL2244.2 ¼ 0.687, R EL-3107 ¼ 0.581), meaning that the source area was local, excluding stream and soil material influenced by the pluton, possibly deriving directly from the Northeastern shore area.
This interpretation is further supported by the microfacies data, which show larger plant fragments and larger mineral grains in type II layers, as well as a more erosive character (higher proportion of material from the sediment matrix in EL-2244.2), which suggests a higher energy flow, which could be the result of a shorter distance between source and lake (Swierczynski et al., 2012) . Whether or not EL-3107 is enriched in material from the sediment matrix is uncertain because the layer occurs within the detrital-rich facies so ; scatter plot shows the anticorrelation between Ti and K; red squares mark samples with K values higher than the mean K value and Ti lower than the mean Ti value, blue circles vice versa (K lower than mean, Ti higher than mean) and black diamonds mark samples in which both elements are below their mean value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) that redeposited material is also enriched in detrital matter, which is not distinguishable from the detrital material of the event layer itself. Siderite formation within type II event layers might have been favoured by erosion of iron-rich soils as part of a landslide.
Event layers of type III are likely to be the result of subaqueous slope failures. The high proportion of autochthonous components argues against an origin from outside the lake and the large detrital grains (3e7 times larger than in the surrounding sediment) indicate a source closer to the lake shore (i.e. away from the lake centre). The fact that the event layers have no common mXRF signature indicates that they originate from different parts of the lake, influenced by different surrounding lithologies. Similar to type II events, earthquakes represent the likeliest trigger for these event layers (Wilhelm et al., 2012) . This is further supported by the fact that according to the SG06 age model, EL-91 occurred around AD 1660 and is therefore most likely related to the AD 1662 earthquake. EL-3107 (38,213 SG06 2012 
Facies change at
yr BP)
As stated earlier, the change from a clastic rich to a clastic poor facies occurs very suddenly and is marked by the event layer EL-3107 (type II, Fig. 4) . Therefore, it appears likely that event sedimentation and facies change are related.
The high content of clastic material below event layer EL-3107 suggests that Lake Mikata did not act as a filter for the detrital material. Probably the Hasu River did not discharge into Lake Mikata at the time, but into Lake Suga, which has a much wider and sloping connection to Lake Suigetsu and therefore a lesser filtering effect on the detrital material. The East coast of Lake Suga shows a possible inflow point for the Hasu River, characterised by a rather flat morphology (Fig. 1) . If this were indeed the case, a mechanism is needed that shifted the Hasu River estuary from Lake Suga to Lake Mikata, 'turning the filter on'. An earthquake blocking/moving the old riverbed, analogous to the AD 1662 displacement of the lake system outlet (see Section 1.1), is the most likely explanation. It would not only explain the very sudden facies change, but also EL-3107 marking the transition, with the event layer having been triggered by the earthquake (in concordance with the interpretation of type II event layers).
An effect on the flood layer frequency by this change in the hydrology is not evident. However, since this change is close to the base of the analysed interval (Fig. 6) , the data available from below the event layer are limited.
Comparison with earlier findings from Lake Suigetsu
Compared to the study of Katsuta et al. (2007) , we have identified a considerably higher number of event layers (about 3 times as many in the common interval of the two studies), which we relate to a higher sensitivity of the multi-proxy identification approach applied here. Furthermore, Katsuta et al. (2007) assumed that turbidites are generally the results of earthquakes and clay layers the result of floods. Our data suggest that clay layers represent the clay cap of (type I) turbidites and represent cases in which the coarsest material did not reach the drilling location (i.e. the I-A sub-layer did not form at the drilling location). Hence, we propose that most turbidites (type I) relate to floods and only a minor number to earthquakes (type II). Event layer types II and III have not been described before and are reported here for the first time, both likely to be related to earthquakes.
Flood layer frequency
Detrital layer frequency and flood frequency are related but not identical and, unless there is other evidence, it must be assumed that not all floods are represented by detrital flood layers in the sediment record (Kämpf et al., 2012) . Thresholds to when a flood produces an associated layer depend on variables such as flow speed, entry point into the lake, morphology of the lake site and weathering rates (Sturm and Matter, 1978; Czymzik et al., 2010; Gilli et al., 2013) . Earthquakes are another process of physical weathering leading to additional sediment delivery in tectonically active regions like Japan. Hovius et al. (2011) and Howarth et al. (2012) showed that a strong earthquake can significantly increase the amount of easily erodible material in a catchment and that the material can be taken up by surface runoff for several years after the actual earthquake, thereby increasing the likelihood of the formation of a flood layer after a precipitation event in that time. Another influence on the sedimentary flood record is the flood layer geometry. Flood layers usually do not form homogeneously over the lake floor, so that the coring position relative to the entry point of the floods influences the number of layers found in the core. In distal positions flood layers may not be present when the energy of the turbidity current was rather low (Kämpf et al., 2012) , in proximal positions older flood layers can be eroded by later turbidity currents (Sturm and Matter, 1978) .
The flood layer frequency (i.e. event layer type I frequency) values reported here are smaller than in comparable studies from other sites (e.g. Czymzik et al., 2010; Swierczynski et al., 2012 ) by a factor of 5e15. One possible reason for this fact is that this study only includes flood layers thicker than 1 mm in order to record primarily the strong flood events. Even though flood layer thickness and flood magnitude are not directly proportional to one another, there is a general trend that larger floods produce thicker detrital layers (Kämpf et al., 2012) . This relationship might be even more pronounced for the Suigetsu sediments due to the specific hydrologic situation. Lake Mikata, linked to Lake Suigetsu in the South, acts as an effective sediment trap for suspended material transported by the Hasu River, which is the main discharge channel in the region and which discharges into Lake Mikata. This interpretation is supported by thickness measurements of the layer EL-1433.5 for which thin sections from two sediment cores (SG06 and SG93) are available. The layer is 95% thinner in the more southern SG93 core which is located proximal to the connection to Lake Mikata and thus the thickness difference indicates that sediment delivery occurred from other directions. Only flood discharges that entered Lake Suigetsu via Lake Suga, which floods can enter at its Eastern shore (Fig. 1) , or through linear runoff and erosion events from the local slopes alongside the Suigetsu shoreline could have triggered deposition of detrital flood layers in Lake Suigetsu. The connection between Lake Suga to the East and Lake Suigetsu is much wider and without a distinct threshold resulting in a weaker filtering effect and thereby enabling enhanced sediment transport into Lake Suigetsu and the formation of thick event layers.
As stated earlier, the flood layer frequency (Fig. 6) shows a high variability and the boundaries of two flood layer zones coincide with major climatic changes: FLZ2 occurred at about the same time as H1 and FLZ3 coincides with the glacial sea level lowstand (Lambeck et al., 2002) . The onset of FLZ3 also correlates with the onset of colder and drier climate conditions in central Japan, indicated by a decrease in Cryptomeria japonica and an increase in Pinus, Tsuga and Picea trees in the Lake Biwa pollen assemblage (Hayashi et al., 2010) (Fig. 6) . Lake Biwa pollen data are used here for comparison since pollen data from Lake Suigetsu are not yet finalised for the analysed section. Lake Biwa is located about 20 km Southeast of Lake Suigetsu and is thus expected to reflect the same regional climate signal. The pollen record of Lake Biwa also shows relatively high values of upland herb taxa during FLZ3 and FLZ 2, which suggest moderately open or discontinuous forests (Hayashi et al., 2010) . However, an influence on the erosion rates and subsequently the flood layer frequency is not apparent since the flood layer frequency decreases in FLZ2 while values of upland herb taxa remain high (Hayashi et al., 2010) . Furthermore, the strong 2000 yr cyclicity in the flood layer frequency observed in FLZ3 is not present in the pollen data. We also exclude an increase in heavy precipitation events related to the monsoon front as a possible explanation for the high flood layer frequency in FLZ3 since at that time the front was weaker and most likely located further to the South, which caused the colder and drier climatic conditions in Japan. An increase in snowfall and subsequently in the magnitude of snow melts can be ruled out too since at the time the warm Tsushima current did not enter the Sea of Japan due to lower eustatic sea levels (Ono et al., 2005) . Therefore, during the winter monsoon season less moisture was taken up and precipitation is likely to have been decreased. This leaves an increase in the summer typhoon frequency in the region as the most likely explanation for the increase in flood layers. This interpretation is in line with coupled oceaneatmosphere model simulations for the LGM, which have revealed an increased potential for tropical cyclone genesis in the central and western North Pacific, despite the generally colder conditions (Korty et al., 2012 ). An increase in typhoons does not contradict drier climate conditions (Hayashi et al., 2010) or generally reduced erosion rates in Japan (Oguchi et al., 2001 , and references therein), since the flood layer record only shows relatively infrequent, extreme events.
The apparent cyclicity of T z 2000 yr during FLZ3 could be related to solar variation, namely the Hallstatt Cycle. Alternatively, it could also be indicative of an influence of the El Niño Southern Oscillation (ENSO). Today, during central Pacific El Niño years typhoons are more likely to make landfall over Japan (Woodruff et al., 2009; Zhang et al., 2012) and Moy et al. (2002) showed that ENSO exhibited a z2000 yr cyclicity over the Holocene. It is quite possible that a similar mode was also operating during FLZ3.
The boundary of the subdivision of FLZ3 coincides with H2, after which d
18 O values in the Hulu Cave (Eastern China) speleothems stabilised (Wang et al., 2001) . Even though H2 itself did not leave an imprint on the flood layer record, the climatic change following led to a decrease in the flood layer frequency. Possibly the stabilisation of the monsoon system reduced the typhoons affecting central Japan.
While no significant changes in the flood layer frequency can be observed contemporaneous with H2 and H3, the frequency is strongly reduced during H1, reaching the lowest overall values down to 0 per 1000 yr. Also, the Hulu Cave d 18 O speleothem record reaches its absolute minimum in the last 40 ka in this time frame (Fig. 6) . Apparently, the further decreased temperatures greatly reduced the number of typhoons affecting central Japan, leaving no persistent mechanism to cause major flood events.
The following zone FLZ1 is characterised by the three maxima in the flood layer frequency, separated by minima relating to the LGIT stadial and the middle Holocene. This pattern is also mainly responsible for the 5000 yr cyclicity evident in the spectral analysis (Fig. 7) . However, this might be a pseudo-cyclicity with the three maxima having independent causes. In particular, the earliest maximum is set apart from the other two. The sudden increase in flood layers coincides precisely with the onset of the LGIT, suggesting some relationship with the sudden warming. Alternatively, the maximum could be related to an increase in erosion rates after an earthquake (Hovius et al., 2011; Howarth et al., 2012) , which is indicated by a type III event layer (EL-1731.8) marking the boundary between the Glacial and the LGIT. Furthermore, if the shape in the frequency curve, a sudden increase followed by a slightly slower decrease, is representative of enhanced erosion following earthquakes, then the last peak in FLZ3 at 19,200 SG06 2012 yr BP might also relate to an earthquake, although there is no earthquake related layer (type II or III) at the base of this maximum. The low number of earthquake related layers (7) over the last 40 ka in such a tectonically active area clearly shows that not every earthquake produces an associated event layer. Therefore, the absence of an earthquake-related layer does not exclude the occurrence of an earthquake.
The early Holocene is characterised by increased flood frequency values compared to the LGIT, which persist until z8000 SG06 2012 yr BP. The remainder of the Holocene shows generally lower values than during the early Holocene, with a weak minimum in the middle Holocene between z8000 and z5000 SG06 2012 yr BP. The trend towards lower values in the middle and late Holocene can be attributed to a decrease in summer insolation (associated with an increase in winter insolation), weakening the monsoon system (Zhao et al., 2009) . The minimum in the mid Holocene could be the result of lower solar activity at the time (Solanki et al., 2004; Steinhilber et al., 2009) . The reduction in the flood layer frequency at 8000 SG06 2012 yr BP is also interesting with respect to winter precipitation, since the Tsushima current entered the Sea of Japan again at the time (Takei et al., 2002) . But rather than an increase in flood layers due to additional snow melttriggered layers, the flood layer frequency declines, which suggests that snow melts had only a minor impact on the flood layer frequency.
A solar influence on the flood layer frequency is not only suggested by the minimum in the middle Holocene, but also by the spectral analysis, with the 2000 yr cycle possibly relating to the Hallstatt Cycle (see above) and the 220 yr cycle probably reflecting the de Vries (Suess) Cycle.
Lastly, the pattern of FLZ5 and FLZ4 is difficult to interpret since the character of FLZ5 beyond 40 ka BP is unknown. Furthermore, the pattern is not mirrored in other key records from the region, which might indicate a local change. This illustrates that floods are short-term meteorological events and that a straightforward relationship with climate patterns is not a matter of course.
Conclusions
The flood layer frequency in Lake Suigetsu shows a complex progression. Prior to about 30 ka BP it appears to reflect local changes, later it is clearly influenced by northern hemispheric climate patterns. But even after 30 ka BP non-climatic mechanisms influenced the flood layer record. Earthquakes appear to have had an impact on the flood frequency on two occasions, increasing the amount of erodible material and subsequently increasing the number of flood layers formed. This means that flood layer records are not straightforward proxies for climate change per se and that the influence of processes in the catchment must be carefully ascertained. Despite these additional influences, clear climate driven changes in the flood layer frequency are evident. In this respect it is most surprising that between 30 and 18.5 SG06 2012 ka BP the flood layer frequency reaches its highest mean and absolute values, although this was an episode of cold and dry climate in Japan. Other cold episodes such as H1 and the LGIT stadial show clearly reduced flood layer frequency values, in the case of H1 even the lowest overall values. The warm and wet Holocene shows intermediate values between the two extremes. These differences between wet and dry episodes show that short term extreme precipitation was decoupled from the centennial to millennial average precipitation. Furthermore, the large scale changes in the flood layer frequency appear to have been modulated by solar activity. Changes in typhoon genesis and/or typhoon tracks appear to be the likeliest explanation for the variability of the flood layer frequency during the Glacial. In the Holocene it is unclear whether extreme precipitation events were related to typhoons or rather to the monsoon front. But it could be shown that snow melts had only a minor impact on the record.
In summary, the data illustrate that the microfacies analysis of event layers in lacustrine sediments provides highly valuable proxy data for improving our understanding of (palaeo-) environmental mechanisms in the East Asian realm. In the future, detailed comparison with high-resolution pollen (and other proxy) data directly from Lake Suigetsu offers the potential to gain a further improved understanding of the site specific climatic and hydrological changes and to separate their individual impacts on the flood layer record.
